The question that has dogged investigators of microtubule dynamics is the following: why do microtubules In this review we discuss how two different properties of the microtubule polymer are exploited into two morturn over stochastically? It is clear that the energy from GTP hydrolysis is used to destabilize the lattice. Howphogenetic principles underlying spindle assembly. One property is the dynamic behavior of microtubules: we ever, GTP is hydrolyzed as soon as tubulin is incorporated in the polymer, and thus energy released on hydrodiscuss the dynamic properties of microtubules and how their modulation is required for spindle assembly.
). Biotin tubulin is injected into tissue culture cells, and then, after varying periods, the cells are fixed. Biotin tubulin can then be visualized either with a fluorescent-labeled anti-biotin antibody by light microscopy or with a gold-labeled anti-biotin antibody by electron microscopy. The amount of biotin tubulin incorporated in the network is then a measure of the turnover rate of microtubules. In published experiments, the half-life in interphase is a 10 min turnover and in mitosis is 15 s for astral microtubules turnover and in spindles is 2 min for nonkinetochore spindle microtubules.
released, when a microtubule undergoes a catastrophe. a microtubule against depolymerization (Drechsel and Kirschner, 1994). For many years, this problem was analyzed at a bioRecent analysis has lead to a deeper understanding of chemical level, leading to the most popular hypothesis, the structural basis of dynamic instability. Cryoelectron that of the GTP cap. This model proposes that unhymicroscopy has shown that the structure of the protofiladrolyzed GTP subunits at the end of the microtubule ment lattice at microtubule ends is different during growprotect it from shrinking (Carlier, 1989). Although there ing and shrinking phases (Figure 2 ). During growth, the is little biochemical evidence for unhydrolyzed GTP in ends of microtubules are sheets of slightly curved prothe lattice, it has recently been shown that a few GTPtofilaments closing into tubes further down the lattice, like subunits at the end of the microtubule will stabilize while during shrinkage the ends of the protofilaments curl over as they "peel" off from the lattice (Chretien et al., 1995; Mandelkow et al., 1991; Simon and Salmon, 1990). Therefore, a large structural transition lies at the heart of the interconversion between growing and shrinking phases. Since the curled protofilaments associated with depolymerizing microtubule ends are GDP liganded and since the only energy input into the system is GTP hydrolysis, it is a strong working assumption that the shallow curvature of the sheets present at the tip of growing microtubules is due to the presence of GTP subunits (Figure 2 ). The simplest explanation for this is that GTP hydrolysis changes the conformation of the tubulin subunit from straight to curled (Arnal and Wade, Figure 1B) . Addition of the master any particular tubulin concentration are variable from cell cycle control enzyme cdc2 to an interphase Xenomicrotubule to microtubule, suggesting a stochastic pus cytoplasmic extract drives the extract into mitosis, rate of tube closure. Thus, if the sheet were, on average, resulting in a rapid increase in microtubule catastrophe shorter, there would be more chance that during a sto- Figure 3A ). Therefore the chromosomes have a growing end, this results in full GTP hydrolysis, and the strong effect on microtubule assembly by inducing lattice would begin to fall apart as mechanical stress growth of more and longer microtubules in their vicinity. stored in the lattice is released. However, another possiExamination of interactions between chromosomes bility is that GTP hydrolyzes randomly after polymerizaand microtubules has shown that preferential growth of tion, but that the sheet has an inherently stable conformicrotubules toward chromosomes is determined by at mation while the tube is inherently unstable. Therefore, least two nonexclusive mechanisms. Chromosomes can sometimes when the tube closes, sufficient GTP is hycapture and stabilize microtubules undergoing dynamic drolyzed in the sheet to trigger depolymerization. At instability. This "search-and-capture" mechanism relies other times, it is not, and the microtubule continues to on the continual turnover of microtubules to ensure that grow.
some contact specific capture sites on chromosomes Spatial Control of Microtubule Dynamics In this picture, both meiotic and mitotic spindles assemble according to similar principles: local modulation
